Inkjet Printing of Ag Nanoparticles using Dimatix Inkjet Printer, No 1 by Abbas, Amal & Bajwa, Inayat
University of Pennsylvania
ScholarlyCommons
Protocols and Reports Browse by Type
1-13-2017
Inkjet Printing of Ag Nanoparticles using Dimatix
Inkjet Printer, No 1
Amal Abbas
amalabb@seas.upenn.edu
Inayat Bajwa
inabajwa@seas.upenn.edu
Follow this and additional works at: http://repository.upenn.edu/scn_protocols
Part of the Biomedical Engineering and Bioengineering Commons, Chemical Engineering
Commons, Engineering Science and Materials Commons, Materials Science and Engineering
Commons, and the Nanoscience and Nanotechnology Commons
This paper is posted at ScholarlyCommons. http://repository.upenn.edu/scn_protocols/37
For more information, please contact libraryrepository@pobox.upenn.edu.
Abbas, Amal and Bajwa, Inayat, "Inkjet Printing of Ag Nanoparticles using Dimatix Inkjet Printer, No 1", Protocols and Reports. Paper
37.
http://repository.upenn.edu/scn_protocols/37
Inkjet Printing of Ag Nanoparticles using Dimatix Inkjet Printer, No 1
Abstract
Ag nanoparticle inkjet printing on polyimide and polyethylene terephthalate films has been performed using
Dimatix inkjet printer at Quattrone Nanofabrication Facility. This article describes selection of Ag
nanoparticle inks and reports the progress of optimization of drop spacing, drop frequency, droplet size, and
waveform for high resolution features, and furthermore reveals the pros and cons of Dimatix inkjet printing. In
addition, the resistivity of Ag nanoparticle line sintered was determined to be ~2.2 x 10-5 Ωm. The adhesion
and bending tests indicated that Ag nanoparticle pattern sintered on PI and PET films had exceptional
mechanical stability.
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1. Introduction 
Drop-on-demand inkjet printing provides a cost and time effective additive process for mask-less micro-patterning.  
However, poor resolution, non-uniform morphology and low conductivity of printed conductive metal features restrict 
its profitability.  Figure 1 shows Dimatix inkjet printer (DMP-2831, Fujifilm) capable of printing precise and highly 
conductive tracks of silver (Ag) nanoparticle ink.  The printer employs a piezoelectric element to drive current through 
the nozzles, ejecting droplets on the substrate according to the predefined digital design.  After printing, the substrate is 
thermally sintered to remove organic solvents and fuse the Ag nanoparticles together to form conductive tracks.   
 
The goal of this project is to perform on-site inspection of Dimatix inkjet printer with 10 pL cartridge nozzles at 
Quattrone Nanofabrication Facility, and to optimize the printing conditions on polyethylene terephthalate (PET) and 
polyimide (PI) films, using the proper Ag nanoparticle ink.  This article describes selection of Ag nanoparticle inks and 
reports the progress of optimization of drop spacing, drop frequency, and droplet size for high resolution features, and 
furthermore reveals the pros and cons of Dimatix inkjet printing.  
 
 
 
 
 
 
 
 
 
 
 
2. Experimental Section  
A. Materials 
127 µm thick PI and PET films were purchased from McMaster-Carr.  The following Ag nanoparticle inks were purchased 
from Sigma-Aldrich; (1) 3-7 nm size Ag particles, which are decanethiol functionalized, in hexane (0.1 w/v%); (2) less 
than 50 nm size Ag particles in triethylene glycol monomethyl ether (30-35 wt%), the surface tension = 35-40 dyn/cm, 
the viscosity = 10-18 cP; (3) 70-115 nm size Ag particles in tripropylene glycol monomethyl ether (50 wt%), the surface 
tension = 24 dyn/cm, the viscosity = 24 cP.  The ink (1), (2), and (3) were filled in the ink cartridges, according to the 
manual. 
 
B. Selection of Ag nanoparticle inks for PI film 
Figure 2 shows side-view images of contact angles of the Ag nanoparticle inks on the PI films.  The contact angles of the 
ink (1), (2), and (3) were 0, 10.6, and 0 °, respectively, as shown in figure 2.  The contact angles of the ink (1) and (3) 
were improved a little by adding glycerol to increase the viscosity, and by O2 plasma treatment to change the surface 
property of the PI film, but the priniting performance was not still acceptable.  Dilution of the ink (3) from 50 to 25 wt% 
using hexane and toluene resulted in aggregation of the Ag nanoparticles in the solution.   
  
                Figure 1. Fujifilm Dimatix (DMP-2831) inkjet printer. 
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(a)                                                              (b)                                                             (c) 
 
 
 
 
Figure 3 shows spreads of the droplets of the the various mixtures of the ink (3) and ethanol on PI films.   The 1:4 
mixture of the ink (3) and ethanol with ~300 µL gylcerol is much better than other mixtures, but the spread of the 
droplet on PI film is still large.  On the other hand, the ink (2) with the contact angle of 10.6 ° indicated much better 
printing performance on PI film than the ink (1) and (3), as shown later.     
 
 
 
 
 
 
C. Printing and sintering 
The specification of the ink cartridge used was 254 µm nozzle spacing, 21 µm nozzle diameter, and 10 pL calibrated drop 
size, and its maximum jetting frequency was 20 kHz.  The following parameters were set up for the printing: the 
cartridge temperature = 30 °C; the substrate temperature = 55 °C; the jetting frequency = 5 kHz; the applied voltage to 
the Piezoelectric inkjet head = 30 V.  The number of the active nozzles was set up to be seven out of sixteen.  After 
printing, the film printed was sintered at 150 °C on a hot plate for 30 min, to remove organic solvents and fuse silver 
nanoparticles together, thereby lowering resistivity. 
  
Figure 2. Side-view images of contact angles of Ag nanoparticle inks on PI films; (a) ink (1),  3-7 nm size 
Ag particles, which are decanethiol functionalized, in hexane (0.1 w/v%); (b) ink (2), less than 50 nm 
size Ag particles in triethylene glycol monomethyl ether (30-35 wt%), the surface tension = 35-
40 dyn/cm, the viscosity = 10-18 cP; (c) ink (3), 70-115 nm size Ag particles in tripropylene glycol 
monomethyl ether (50 wt%), the surface tension = 24 dyn/cm, the viscosity = 24 cP.  The contact 
angles of inks (1), (2), and (3) are 0, 10.6, and 0 degree, respectively.                                               
Figure 3. Spreads of Droplets of the mixtures of the ink (3) and ethanol on PI films.  
The ratios of the mixture of the ink (3) and ethanol are 1:4, 1:4 + ~300 µL glycerol, 1:1, 
1:0.5, 1:0.2, and the pure ink (3). 
1: .2 Pure stock 1: .5 1:1 
1:4 
+ 
(~300ul) 
glycerol 
1:4 
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D. Drop Spacing 
Resolution of inkjet printing can be adjusted from 5080 to 100 dpi by changing a cartridge mounting angle from 1.1 to 
90°, which results in increasing in drop spacing from 5 to 254 µm.  If the drop spacing is too short, the ink droplets are 
connected with each other, resulting in a large spread of the ink.  In contrast, if the drop spacing is too long, the 
separated dots are printed.  In this study, the drop spacing from 15 to 100 µm was examined, as shown later.      
 
E. Waveform 
The waveform controls electrical signal that stimulates the formation of drop and ejection from the nozzles. The 
waveform was customized to restrict the volume of the drop, so that 30-50 µm size Ag nanoparticle patterns were able 
to be printed.  Figure 4 shows a schematic diagram of the print head and the waveform: (1) start, the ink chamber is 
depressed by a bias voltage; (2) phase 1, the voltage decreases to 0 V, so that the piezo electric element (PZT) moves      
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Figure 4. Schematic diagram of the print head and the waveform of Dimatix inkjet printer 
 
back to a neutral straight or relaxed position with the chamber at its maximum volume.  The ink is pulled into the 
chamber through the inlet. It also pulls on the meniscus at the nozzle; (3) phase 2, the chamber is compressed and 
pressure generated to eject a drop; (4) phase 3 and 4, the piezo voltage is brought back down to some bias level. The 
chamber decompresses at first only partially and then in full refilling for the next pulse. There is also a pull back on the 
ejected drop at the nozzle.   
 
For proper drop ejection, the ink viscosity should allow the ink to fill the chamber and to hold the ink back to the 
nozzles.  If the ink viscosity is too high, the ink cannot be ejected from the nozzle.  In contrast, if the ink viscosity is too 
low, the ink will leak from the nozzle.  Furthermore, air possibly enters into the nozzles and generates bubbles around 
the nozzles in Phase 3 and 4.  The worst case is a clogging by drying the ink out at the nozzle.  For this reason, the 
waveform had to be optimized because the default waveform did not work at all with the three inks in this study.     
 
Figure 5 shows (a) the actual waveform optimized for the ink (2) with the weight dispersion of 30-35 % and the dynamic 
viscosity of 10-18 cP, (b) a CCD image of ink jetting at applied voltage of 25 V, and (c) a CCD image of ink jetting at 
applied voltage of 30 V.  In figure 5(a), the ink is drawn from the reservoir into the pumping chamber in phase I, and the 
drop formation is initiated in Phase II.  The drop is cut off at the nozzle at the voltage of 0 V in Phase III.  The stand-by 
mode is back in Phase IV, and prevents air bubbles from being sucked into the print head. As can be seen in figure 5(c), 
the clogging is suppressed very well by the waveform optimized.    
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                                      (a) 
 
      
                                       (b)                                                                                   (c) 
 
Figure 5: (a) Waveform customized for this study, Phase I: Fluid is drawn from the reservoir into 
the pumping chamber Phase II: Drop formation is initiated through energy provided by the firing 
pulse, Phase III: Drop breakoff, Phase IV: Standby mode, prevents air bubbles from being sucked 
into the print head. (b) CCD image of ink jetting through nozzles at applied voltage of 25V, and (c) 
CCD image of ink jetting through nozzles at applied voltage of 30V, which is the threshold for 
proper drop formation and breakage using the waveform in (a). Applied voltage relates directly to 
the volume of pumping chamber. 
 
3. Results and Discussion 
Table 1 indicates optical microscope images of Ag nanoparticle inkjet printing performance of horizontal lines on PI 
films.  As can be seen in Table 1, the line widths printed do not correspond with the ones set up at all, due to 
overlapping between spreading of the droplets on the PI film.  On the other hand, the line width becomes smaller with 
increasing in the drop spacing, due to decreasing in the overlapping.  The width setting up at 50 µm and the drop 
spacing of 60 µm result in printing dotted lines with the width of 28 µm.   Furthermore, the number of the dotted lines 
for the drop spacing of 80 and 100 µm is not consistent although the same line width is set up because of the clogging of 
the nozzles.  As shown in Table 1, the horizontal line with the width of ~36 µm has been achieved.  Note that the dot size 
is ranged from 10 to 18 µm, suggesting that the minimum feature of ~15 µm is possible.   
 
Table 2 shows optical microscope images of Ag nanoparticle inkjet printing performance of vertical lines on PI films.  As 
the horizontal lines in Table1, the line widths printed do not correspond with the ones set up, and the line width 
becomes smaller with increasing in the drop spacing.  However, the dotted lines are printed for the drop spacing of 30 
µm already, suggesting that the ink jetting in the vertical direction is periodically missing, or unstable.  The vertical line 
with the width of ~135 µm has been realized, but more optimization is needed.        
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Table 1. Optical microscope images of Ag nanoparticle inkjet printing performance of horizontal lines on PI films. 
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Table 2. Optical microscope images of Ag nanoparticle inkjet printing performance of vertical lines on PI films. 
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The drop spacing needed is half the diameter of one wetted drop on the substrate.  In this study, the ~10 µm drop 
spacing should be ideal for the 10-18 µm diameter dots.  However, as indicated in Table 1, the 60 µm drop spacing 
showed the best printing, suggesting that the ink spread by the connection among the wetted drops was much more 
than expected.  The printing parameters will be re-examined to fix this issue and discrepancy in the line width shown 
above.      
 
The resistivity of Ag nanoparticle line sintered was determined to be ~2.2 x 10
-5
 Ω⋅m by two point probe method and the 
following equation:   
 
                                                                                       
 
where ρ is the resistivity, R is the resistance, A is the cross section of the line, and		is the length.   
 
Figure 6 shows photographs of tape tests of Ag nanoparticle pattern printed on the PI films.  The Ag nanoparticle pattern 
sintered on the PI film was not removed at all by peeling the scotch tape off the PI film.  Figure 7 shows bending of the PI 
film with Ag nanoparticle printed on its surface.  The Ag nanoparticle pattern sintered on the PI films was not damaged 
by bending the PI film.  The adhesion and bending tests indicate exceptional mechanical stability.  The Ag nanoparticle 
inkjet printing was also performed on PET films, and the result was almost the same as the PI films 
  
 
 
 
 
 
 
  
 
  Figure 6. Adhesion test performed using scotch tape on patterned polyimide film 
 
  
 
 
 
 
 
 
 
   Figure 7. Strength and flexibility test performed with a bend radius of ~3 mm. 
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4. Summary 
Ag nanoparticle inkjet printing has been performed using Dimatix inkjet printer at Quattrone Nanofabrication Facility.  
The disadvantage of Dimatix inkjet printer is to find out the Ag nanoparticle ink with the viscosity appropriate to the 
inkjet characterized by the waveform of Dimatix inkjet printer and with the surface tension suitable with the substrate.  
Furthermore, even if the right ink is found out, the printing condition must be optimized.  In addition, care about the 
clogging at the nozzle must be taken.  In this study, the printing condition was optimized by adjusting drop spacing, drop 
frequency, droplet size, and waveform, using the Ag nanoparticle ink with the contact angle of 10.6 ° with the PI films.  
The horizontal line with the width of ~36 µm has been achieved.  However, the width of the vertical line was still more 
than ~135 µm.  The horizontal and vertical line widths printed did not correspond with the ones set up at all.  The ideal 
drop spacing was 10 µm, but the drop spacing optimized was 60 µm, suggesting that the ink spread by the connection 
among the wetted drops was much more than expected.  The printing parameters will be re-examined to fix this issue 
and discrepancy in the line width, and be reported soon.        
 
On the other hand, the advantage of Dimatix inkjet printer is to create the micro-size pattern on the flexible substrate 
without the mask and lithography tool.  Note that the dot size is ranged from 10 to 18 µm, suggesting that the minimum 
feature of ~15 µm is possible. Furthermore, the resistivity of Ag nanoparticle line sintered was determined to be ~2.2 x 
10
-5
 Ω⋅m (ref. the resistivity of bulk Ag = 1.59 x 10
-8
 Ω⋅m).  The adhesion and bending tests also indicated that Ag 
nanoparticle pattern sintered on PI and PET films had exceptional mechanical stability.   
